Brain-specific angiogenesis inhibitor 1 (BAI1), an orphan G protein-coupled receptor-type seven transmembrane protein, was recently found mutated or silenced in multiple human cancers and can interfere with tumor growth when overexpressed. Yet, little is known about its regulation and the molecular mechanisms through which this novel tumor suppressor exerts its anticancer effects. Here, we demonstrate that the N terminus of BAI1 is cleaved extracellularly to generate a truncated receptor and a 40-kDa fragment (Vasculostatin-40) that inhibits angiogenesis. We demonstrate that this novel proteolytic processing event depends on a two-step cascade of protease activation: proprotein convertases, primarily furin, activate latent matrix metalloproteinase-14, which then directly cleaves BAI1 to release the bioactive fragment. These findings significantly augment our knowledge of BAI1 by showing a novel post-translational mechanism regulating BAI1 activity through cancer-associated proteases, have important implications for BAI1 function and regulation, and present novel opportunities for therapy of cancer and other vascular diseases.
INTRODUCTION
The brain-specific angiogenesis inhibitor 1 (BAI1) receptor is being increasingly recognized as a critical tumor suppressor in human cancer development. BAI1 expression is lost in the formation of several tumor types, including brain, colon and gastric cancer, and this loss correlates with poor patient survival. 1 --5 Overexpression of full-length exogenous BAI1, either through stable transfection or through gene therapy, slows the growth of several cancer types in tumor xenografts. 6 --8 More recently, somatic mutations of BAI1 and its family members BAI2 and BAI3 have been identified in lung, breast and ovarian cancers, 9 and the BAI1 gene is silenced via epigenetic mechanisms in glioblastoma. 10 The precise mechanisms whereby BAI1 exerts its tumor-suppressive activity in the brain and other organs are unknown and need to be urgently established toward therapeutic exploitation.
BAI1 was identified in a screen for p53-regulated genes 11 and its known features were recently reviewed. 12 It was initially proposed as a candidate effector for the anti-angiogenic activity of p53, 13 due to its structure. 11 BAI1 is classified as an adhesion-type G protein-coupled receptor (GPCR) and is characterized by a long extracellular N terminus (120 kDa), which includes an integrinbinding Arg --Gly --Asp (RGD) motif, five thrombospondin-type 1 repeats (TSRs) and a putative hormone-binding site (Figure 1a ). BAI2 and 3 are organized similarly, although they have only four TSRs and lack the RGD motif. 12 TSRs are found in 470 proteins encoded in the human genome, and among the best-understood properties of TSRs is their ability to inhibit angiogenesis 14 via several mechanisms including interference with vascular endothelial growth factor-heparin attachment 15 or engaging the CD36 receptor on endothelial cells (ECs) via a VTCG motif to initiate apoptosis. 16 --18 Not all TSRs are anti-angiogenic, and individual
TSRs within the same proteins can have divergent structure and function. 19 It is therefore important to derive a precise understanding of the role of each TSR in a given protein to define their bioactivity. The TSRs in BAI1 appear to serve different functions, depending on the cell type. In full-length BAI1, they function as binding motifs for phosphatidylserine on the surface of apoptotic cells and mediate their engulfment by macrophages. 20 In glial cells, N-terminal cleavage of BAI1 generates a low abundance 120 kDa fragment (Vasculostatin-120) containing all five TSRs, which when overexpressed shows anti-tumor and anti-angiogenic activity independent of the parent receptor. 21 --23 Here, we present the discovery of a much more abundant, previously unknown N-terminal fragment of BAI1 of B40 kDa, identify its processing mechanism and demonstrate that it is cleaved extracellularly. We have mapped the site of proteolysis and determined that it contains the RGD motif and just the first TSR. We initially hypothesized that this cleavage might be a mechanism to inactivate the N terminus of BAI1, but unexpectedly, found that this shedded fragment is potently anti-angiogenic per se, and thus we have termed it Vasculostatin-40 (Vstat40). These findings advance our understanding of BAI1 as an important regulator of tissue angiostasis through the paracrine release of multiple soluble angiostatic fragments and reveal new avenues for future therapeutic development.
RESULTS
The N terminus of BAI1 is processed to yield a major 40-kDa secreted fragment In an investigation of BAI1 expression in normal and neoplastic human brain, we discovered a novel BAI1-derived fragment ( Figure 1a ) B40 kDa in size and immunoreactive with an anti-terminal BAI1 antibody recognizing N-terminal amino acids 103 --118 (N-Ab). 1 This fragment and full-length BAI1 were reduced or absent in four randomly chosen glioblastoma tissues (Figure 1a ). BAI1 mRNA expression levels also correlated significantly (P ¼ 0.034) with astrocytoma patient survival (Figure 1b) , suggesting a potential role in antagonizing gliomagenesis. To determine whether this new fragment resulted from cleavage of the parent BAI1, we transfected a BAI1 expression vector in 293 cells and analyzed the conditioned medium (CM) by western blot. This experiment evidenced a prominent band B40 kDa in size, representing the major secreted product of BAI1 (Figure 1c) . Similar results were obtained in fibroblast and other glioma cell lines (not shown). Upon longer exposure, a 120-kDa fragment (Vstat120) we previously identified 21 was also detected (Figure 1c , long exposure panel). Henceforth, we wished to evaluate the function of the novel 40 kDa secretion product of BAI1.
We first questioned if the 40-kDa fragment was processed independently of Vstat120 or whether the processing of Vstat120 represented an intermediary step in the generation of the 40-kDa fragment. Thus, we transfected 293 cells with a Vstat120 expression vector (Figure 1c, lane 3) and determined that the 40-kDa fragment is processed from Vstat120 albeit at significantly lower efficiency compared with its processing from full-length BAI1, suggesting that the generation of Vstat120 is unlikely to be a required step for production of the 40-kDa fragment. To follow up on this observation, we investigated processing of Vstat120 and the 40-kDa fragment using a BAI1 mutant containing a point mutation in the GPCR processing site (GPS) region (S 927 D). We observed that the mutant yielded increased levels of Vstat120 production and a corresponding decrease in the secretion of the 40-kDa fragment (Figure 1d ), suggesting that secretion of Vstat120 interferes with the generation of the 40-kDa fragment. To investigate the role of the C-terminal region of BAI1 in the extracellular processing of BAI1, we generated a truncated form of BAI1 containing its extracellular domain and three transmembrane domains (BAI1-3TM). We observed that this truncation interferes with secretion of both Vstat120 and the 40-kDa fragment (Figure 1e ). Assuming proper membrane localization, this would suggest that a complete transmembrane domain or the intracellular portion of BAI1 are required for efficient generation of the 40-kDa fragment.
The N-terminal 40-kDa fragment of BAI1 inhibits angiogenesis in culture and in vivo Based upon the location of the epitope used for its detection and its size, we predicted that the 40-kDa fragment might encompass the RGD and the single most distal TSR, of unknown function. To examine whether this fragment might be capable of exerting any effects on angiogenesis, we generated LN229-L16 glioma cells stably expressing the 40-kDa fragment (Vstat40) or Vstat120 fragment as a comparison, and demonstrated their secretion in the CM (Figure 2a ). To determine the Vstats' effect on EC migration, we used the CM in a Boyden chamber migration assay using CD36 þ human dermal microvascular ECs (HDMECs) and CD36-deficient human umbilical vein ECs (HUVECs) 23 ( Figure 2b ). Both Vstats CM significantly inhibited the serum-induced migration of the HDMECs but not the migration of HUVECs. To investigate whether CD36 expression on ECs is necessary for the anti-angiogenic activity of Vstat40, we tested whether an anti-CD36 function-blocking antibody would rescue migration of HDMECs in the presence of Vstat40. The migration of wounded confluent HDMECs was significantly inhibited in the presence of Vstat40-or Vstat120-containing CM versus control medium (Figure 2c ). The antibody neutralized the inhibitory effect of the Vstats on EC migration, while an isotypic control antibody had no effect. To determine whether Vstat40 interferes with complex angiogenesis events, such as vascular structure formation, we used an endothelial cord formation assay. HDMECs formed tubelike structures when plated on matrigel in control medium, a process inhibited by 450% in the presence of Vstat40-CM, with Vstat120-CM exhibiting an even stronger inhibition (Figure 2d ). The presence of Vstats in the CM did not have a significant effect on cord or enclosed structure formation of HUVECs plated under the same conditions. Finally, we investigated whether Vstats interfered with biological angiogenesis using a quantitative in vivo angiogenesis model where U-shaped silicone cylinders (angioreactors) are filled with a basement membrane extract admixed with CM and implanted subcutaneously in mice for 12 days. 24 Following excision, quantification of the endothelial cell content in the angioreactor demonstrated a significant inhibition in those that contained Vstat40-CM or Vstat120-CM versus control CM (P ¼ 0.011 and 0.008, respectively; Figure 2e ). We conclude that the 40-kDa fragment potently inhibits specific aspects of angiogenesis in culture and in vivo, justifying its designation as a novel Vasculostatin (Vstat40).
Identification of the site of Vstat40 processing On the basis of the observation that BAI1 N-terminal constructs containing the Vstat40 cleavage site are processed to some extent into true Vstat40 (for example, Figure 1c ), we reasoned that we could narrow down the location of the processing site by examining the cleavage of progressively shorter N-terminal fragments. Accordingly, we generated serial truncations of Nterminal Bai1 cDNA flanking the region of Vstat40 cleavage based on its predicted size, and transfected cDNA constructs containing these truncations into 293 cells. Processing of the resulting peptides narrowed the location of Vstat40 cleavage to between amino acids 296 and 349 ( Figure 3a) . Use of western blot does not permit the distinction of cleaved and uncleaved fragments differing in only a few amino acids' size. To overcome this limitation, we generated expression vectors that added 3 kDa V5/His tags to the uncleaved N-terminal fragments. Using this approach we were able to demonstrate that Vstat40 is processed between amino acids 321 and 329 ( Figure 3b ). Finally, to determine the relative contribution of selected amino acids within this region to Vstat40 processing, we used an alanine mutation approach to introduce point mutations in the prospective region of cleavage of the full-length BAI1 (Figure 3c ). The presence of an SLR 328 -AAA mutation completely abrogated BAI1 processing into Vstat40 (compare lanes 2 --3), while an RSQ 325 -AAA mutant had little effect. Combined, these data support that the location of Vstat40 processing is in-between amino acids 321 and 329 and that amino acids 326 --328 are essential for the cleavage (Figure 3c ).
Inhibition of furin activity reduces Vstat40 processing
No canonical cleavage motifs were apparent in the identified proteolysis site, preventing immediate recognition of the identity of the protease cleaving Vstat40 from BAI1. In a screen for candidate enzymes we used a series of protease inhibitors on BAI1-transfected 293 cells and found that treatment with the irreversible proprotein convertase (PCs) inhibitor dec-RVKR-cmk significantly abrogated the release of Vstat40 in the CM in a dosedependent manner ( Figure 4a ). As furin is a major PC, we examined whether furin was involved in Vstat40 generation. Transient expression of BAI1 in human colon adenocarcinoma LoVo cells, which lack furin activity due to two mutated fur alleles, 25 yielded reduced processing of Vstat40 compared with that found in the CM of Bai1 cDNA-transfected LN229 cells (Figure 4b ). Processing of Vstat40 was largely restored in LoVo cells with stable transfection with wild-type fur cDNA. These cells expressed furin levels comparable to those found in LN229 cells and had functional furin as assessed by the level of processing of the known furin target matrix metalloproteinase (MMP)-14 26 from its pro-peptide (63 kDa) to its active (60 kDa) form (Figure 4c ). Together these results suggest that activity of PCs, particularly that of furin, are involved in Vstat40 processing.
To further confirm the association of furin activity and Vstat40 levels, we knocked down furin protein expression with siRNA in U251MG glioma cells stably transfected with a BAI1 expression vector (U251-BAI1). 23 Furin levels were strongly reduced at all time points under consideration (Figure 4d ). The secreted (active) form of MMP-2 was used as a positive control for furin activity, as MMP-2 is activated by furin target MMP-14, and is cleaved by furin as well. 27 As expected, no cleaved MMP-2 was observed in the CM of cells subjected to furin knockdown while levels of pro-MMP-2 in the whole cell extract (WCE) were relatively unchanged. Vstat40 processing was strongly inhibited 48 h after furin siRNA transfection, but unexpectedly levels of secreted Vstat40 reverted to baseline 72 h post-transfection, even though furin levels remained reduced, suggesting involvement of a compensatory mechanism.
Finally, we performed an in vitro cleavage experiment to determine whether furin can directly process the extracellular domain of BAI1 into Vstat40 (Figure 4e ). We observed that levels of Vstat40 and Vstat120 remained constant after 18.5 h of incubation (4e, left panel), indicating that furin is not able to directly process Vstat40, which is in agreement with the absence of a canonical PC cleavage sequence (RxxR) in BAI1. 28 Activity of the recombinant furin in these reaction conditions was confirmed by incubation with the fluorogenic substrate peptide Boc-RVRR-AMC (4e, right Angioreactors containing control CM, Vstat40 CM or Vstat120 CM were implanted subcutaneously in nu/nu mice and excised 12 days after implantation. The graph shows the fluorescence of cell pellets derived from angioreactors and stained with FITC-lectin, Griffonia simplicifolia (Bandeiraea) isolectin B4 (IB4), which recognizes terminal a-galactosyl residues on endothelial glycoproteins. Graphed data derive from two independent experiments. Significance using Student's t-test was determined using statistical software. Error bars indicate s.d. from the mean. *Po0.05. panel). In sum, these data suggest that PC activity is important for Vstat40 processing, but does not directly cleave BAI1. We then considered that PCs may promote Vstat40 cleavage by indirectly activating the enzyme responsible for BAI1 cleavage.
A furin-activated metalloproteinase processes extracellular BAI1 into Vstat40 Furin processes over a hundred known targets into their bioactive forms, 29 including multiple subclasses of metalloproteinases, extracellular proteases, which often process cell-adhesion molecules and are, therefore, prime candidate molecules to cleave BAI1. Treatment of U251-BAI1 cells with the general metalloproteinase inhibitor GM6001 inhibited Vstat40 processing at a level comparable to equimolar inhibition with dec-RVKR-cmk, while a control inhibitor containing the chloromethylketone group had no effect (Figure 5a ). To examine whether the activity of other PCs or metalloproteinases accounts for the majority of the proteolytic cleavage in the absence of furin, we treated BAI1-transfected LoVo cells with equimolar dec-RVKR-cmk and GM6001 singly or in combination (Figure 5b ). For both inhibitors, single treatments reduced the levels of secreted Vstat40 in the CM while combined treatment largely abolished Vstat40 processing. These results are compatible with the interpretation that dec-RVKR-cmk inhibits residual PC activity in LoVo cells, and that these PCs may activate the metalloproteinase processing Vstat40 in the absence of furin as a compensatory mechanism.
To confirm the involvement of metalloproteinases in Vstat40 cleavage, we wished to determine whether tissue inhibitors of metalloproteinases (TIMPs) regulate this processing event. Overexpression of TIMPs 1 --3 in 293 cells transiently co-transfected with BAI1 cDNA showed a clear inhibitory effect of TIMP-3 on Vstat40 processing (Figure 5c ). Levels of pro-and active forms of MMP-14, an endogenous TIMP-3 target, were not affected by this manipulation. We conclude that PC and metalloproteinase activities are responsible for Vstat40 processing, either independently or in a sequential fashion.
MMP-14 directly processes extracellular BAI1 into Vstat40
In our search for the metalloproteinase cleaving BAI1, we focused first on MMP-14 for its role in glioma biology and activation of other MMPs. 30 --32 SiRNA-mediated knockdown of MMP-14 expression yielded virtually complete abrogation of Vstat40 processing by 72 h post-transfection even in the presence of furin (Figure 6a ), suggesting that MMP-14 is essential for Vstat40 generation and functions downstream of furin. As expected, this was accompanied by an accumulation of uncleaved full-length BAI1. Because MMP-14 is known to activate other MMPs, including MMP-2 and MMP-8, we wished to determine whether Vstat40 processing was directly mediated by MMP-14 or involved its target MMPs. Treatment of BAI1-transfected 293 cells with specific inhibitors of MMP-3, MMP-2/9 and MMP-8 did not yield a substantial inhibition of Vstat40 processing (Figure 6b) .
To verify that MMP-14 is the enzyme cleaving Vstat40, we performed an in vitro cleavage experiment, incubating the recombinant active catalytic domain of human MMP-14 with CM-containing Vstat120 (Figure 6c ). After 1.5 and 18.5 h of incubation, Vstat120 levels decreased strongly and Vstat40 levels showed a corresponding increase. We conclude that MMP-14 is sufficient to process Vstat40 from BAI1 and is likely a mediator of this process in culture and in vivo, as we observed that pro and active forms of MMP-14 are abundantly expressed in normal brain tissue in addition to the Vstat40 fragment (Figure 6d 
(5) (4) (3) (2) (6) and (7) differing from each other by a few amino acids and expressing a 3-kDa V5/His tag were generated and analyzed to narrow down the localization of the Vstat40 processing site. (c) An alanine mutation approach in full-length BAI1 constructs was used to identify the relative contribution of selected amino acids to Vstat40 cleavage. Transient transfection of LN229 cells with BAI1 expression vectors harboring SLR 328 -AAA and RSQ 325 -AAA mutations showed that amino acids SLR are required for Vstat40 processing in the CM (48 h). Actin was used as a loading control for whole-cell extracts (WCE), while Galectin 3 (Gal3) and a Ponceau stain were used to verify equal protein loading in the CM. The putative cleavage site is between amino acids Ser 326 and Leu 327 (open triangle, see below).
of certain amino acids mediates efficiency of MMP-14 proteolytic activity. 33 In this work, MMP-14 is found to prefer a P1 --P1 0 --P2 0 motif of Ser --Leu --Arg, where P1 indicates the amino acid directly N-terminal to the cleavage and P1 0 is the amino acid directly Cterminal to the cleavage. On the basis of these studies, we predict that MMP-14 cleaves BAI1 into Vstat40 between Ser 326 and Leu 327 (see open triangle in Figure 3c ), although this assertion will need to be formally demonstrated biochemicall in a future study using sequencing or mass spectrometry of the cleavage products. DISCUSSION BAI1 has been identified as an important tumor suppressor mutated 9 or lost 10 in cancer, yet little is known about its bioactivity or regulation. This work represents a significant advance as we demonstrate that the N terminus of BAI1 is proteolytically processed into an abundant 40 kDa fragment named Vstat40, which shows potent anti-angiogenic activity in vitro and in vivo.
We demonstrate that BAI1 is unique among the class B GPCRs for it's shedding of cryptic angioinhibins and that the release of Vstat40 and Vstat120 occurs by different and exclusive mechanisms, suggesting complex multi-level regulation. The processing of Vstat40 is expected to occur extracellularly through cleavage by the membrane-bound MMP-14, also known as (MT-MMP1), an enzyme, which depends upon the activity of PCs in the trans-Golgi network to be converted to its active form. Our data support a role for furin (and possibly other PCs when furin is silenced) in the activation of BAI1 cleavage by MMP14. BAI1 processing by MMP-14 is very efficient as we show that Vstat40 is the primary secreted fragment in cultured cells and is abundant in normal human brain tissue. This proteolysis is expected to require association of extracellular BAI1 with the cell surface, as secreted Vstat120 was a poor substrate for Vstat40 processing, suggesting that BAI1 and MMP-14 may be colocalized on the cell membrane. Membrane association per se may not be sufficient for the cleavage, as we showed that a construct expressing the N terminus with only three transmembrane anchors is not cleaved very efficiently, supporting a potential role for the full transmembrane region and/ or the C terminus. The consequence of this cleavage is the release of a freely diffusible 40 kDa fragment that can exert angioregulatory functions on neighboring endothelium. The function of the remnant N-terminal truncated BAI1 remains to be determined.
In contrast, processing of Vstat120 likely occurs independently of Vstat40 generation at an earlier step during intracellular protein maturation. The large N-terminal domains of adhesion GPCRs are processed via an autoproteolytic mechanism at a conserved GPS site proximal to the cell membrane following a nucleophilic attack of a conserved arginine or histidine on a serine. 34, 35 We have previously shown that BAI1 is cleaved at the GPS site, 21 and predict BAI2 and 3 will be similarly cleaved, although this remains to be experimentally demonstrated. The resulting fragments typically stay cell-associated due to their binding to the transmembrane domain. 36 This autoproteolysis is thought to occur in the endoplasmic reticulum as point mutants in the GPS can impair the ability of these proteins to traffic to the Golgi apparatus. 37 Further, proteolysis of the GPS may depend on such post-translational modifications as glycosylation 38 or phosphorylation, as we show here that a phosphomimetic substitution in the BAI1 GPS markedly increases cleavage efficiency. Further, our data suggest Vstat120 proteolysis is a relatively low efficiency event under physiological conditions, as this fragment is barely detectable in normal human brain. Because the association of the cleaved fragment with the transmembrane portion of the receptor can control intracellular signaling in GPCRs, the ratio of BAI1 cleaved at the GPS or MMP-14 sites might represent alternative functional outcomes. Overall, these findings emphasize that the function and regulation of BAI1 depends upon the processing of its N-terminal domain into alternate fragments by very distinct intra-and extracellular processing events.
Unlike BAIs 2 and 3, the BAI1 N terminus has an extra TSR and an RGD integrin-binding motif and generation of Vstat40 by MMP-14 separates these domains from the parent BAI1 molecule. Thus, there is no homolog fragment generated from BAI2 and 3, suggesting this is a distinguishing functional feature between the three family members. Unexpectedly, we found that the antiangiogenic activity of Vstat40 depends upon the CD36 receptor, presumably via binding of its lone TSR. Typically, TSRs that bind CD36 feature a VCTG sequence believed to interact with the CD36 CLESH domain, 39 but Vstat40 lacks this motif. Our studies support prior findings that TSR peptides lacking the intact VTCG motif can still inhibit EC migration 16 and that this motif may not always be essential for the inhibition of tumor angiogenesis. 40 Alternatively, while the Vstat40 TSR does not contain the precise VTCG sequence, its similarities to the canonical motif may be sufficient for this interaction, 12 or Vstat40 may associate with some other part of CD36. Our results do not preclude a role for RGD by engaging integrins in the activity of Vstat40, but they indicate that the TSR-CD36 interaction is necessary for its angioregulatory activity. The precise mechanisms driving loss or mutation of the BAI1 tumor suppressor in cancer remain to be established. MMP-14 is highly expressed on the surface of aggressive cancers including gliomas, where it promotes cancer invasion and progression by degrading multiple components of the extracellular matrix and glioma basal lamina. 30, 41, 42 Similarly, furin expression is upregulated in many cancers. 43, 44 Our findings indicate that furin and MMP14 upregulation, typically seen as oncogenic steps in cancer formation, have the unwanted consequence of generating a potent secreted angioinhibin expected to antagonize tumor growth. It is, therefore, possible that the synthesis of Vstat40 generates selective pressure driving the concomitant mutation or loss of BAI1 expression, 10 an interpretation compatible with our finding of reduced survival in glioma patients expressing low levels of BAI1.
In addition to its angioregulatory function, generation of the Vstat40 fragment is very likely to have other wide-ranging physiological implications. Ultimately, it will be important to study the impact of this cleavage on the function of the full-length BAI1 protein in its capacity as a GPCR, cell-adhesion molecule, regulator of synaptic function or mediator of engulfment. 12 In sum, in defining a novel proteolytic cascade mediating the generation of the abundant secreted angiogenesis inhibitor Vstat40, this research both represents an important advance in our understanding of the biology of BAI1 and indicates an avenue of great potential for therapeutic development for cancer and other diseases marked by vascular pathology.
MATERIALS AND METHODS

Cell culture
Indicated human cell lines and HDMECs and HUVECs were cultured as described previously. 1, 45, 46 CM from control LN229-L16 (stably expressing a tet-on vector) and inducible Vstat40 (clone LN229-L16-V40 #17) or Vstat120-expressing glioma cells (clone LN229-L16-V120) was prepared in serum-free culture medium containing doxycycline (2 mg/ml) and collected after 48 h, centrifuged and concentrated 30-fold using an Amicon Ultra concentrator (5 kDa molecular weight cutoff) (Millipore, Billerica, MA, USA) to a final volume of 500 ml (30 Â ) and used at 1 Â final concentration in the in vitro angiogenesis experiments.
Transfection
Transfections were performed with GenePorter as recommended (Genlantis, San Diego, CA, USA). For the knockdown assays, a mix of furin siRNA (NE Biolabs, Ipswich, MA, USA; ShortCut siRNA mix, N2026S) and MMP-14 siRNA (Ambion, Grand Island, NY, USA; ID# s8877) was used.
Generation of truncation and mutant constructs
All truncation constructs (indicated by numbers in parentheses in Figure 3a ) were generated by PCR using Bai1 cDNA as a template 11 and cloned into pcDNA3.1D/V5-His. (Invitrogen, Grand Island, NY, USA) using the forward primer 5 0 -CACCCTTAAGCTTCGAGCTAGG-3 0 and the reverse primers (1) 5
0 -CTATCACCAGCCCTCGCCGCAGGTG-3 0 for untagged constructs and (6) 5 0 -GCTGGTGCGCCCAGCGGG-3 0 and (7) 5 0 -TGTGGACCGCAGGGACTG-3 0 for tagged constructs. Constructs containing mutations in RSQ and SLR motifs were generated in full-length BAI1 in pcDNA 3.1. Primer overlap extension using mutagenic primer sequences was used to create inserts containing indicated mutations: SLRfwd: 5 0 -CAGGCAGCAGCATCCACAGATGCCCGGCG-3 0 ; SLRrev: 5 0 -GGATGCTGCTGCCTGGCTCCGGGAGCTGG-3 0 ; RSQfwd: 5 0 -TCC GCAGCAGCATCCCTGCGGTCCACAGAT-3 0 ; RSQrev: 5 0 -GGATGCTGCTGCGGA GCTGGTGCGCCCAG-3 0 . Inserts were cloned at two unique sites (XhoI and AgeI) flanking the Vstat40 cleavage site, and the presence of the mutation was confirmed by sequencing.
Western blot
Western blots were performed as described previously 23 In vitro cleavage reactions Vstat40-containing CM was collected after 72 h, filtered and concentrated 60 Â using Amicon Ultra centrifugal filter devices (5 kDa molecular weight cutoff) to a final volume of 500 ml. Concentrates were evenly divided and added to 15 ml of freshly prepared hydrolysis buffers for Furin (1 mM CaCl 2 , 100 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 0.5% Triton X-100, 1 mM b-mercaptoethanol) or MMP-14 (50 mM Tris--HCl, pH 7.5, 150 mM NaCl, 5 mM CaCl 2 , 0.025% Brij35 detergent), precooled to 4 1C. Samples were buffer exchanged to a final volume of 500 ml each and portioned into input and treatment samples on ice. Input samples were immediately precipitated with four volumes of ice-cold acetone and stored at À20 1C. A 0.2 mg of the catalytic domain of either furin (New England Biolabs Cat. # 8077S) or MMP14 (Calbiochem Cat. # 475935) were added to their respective treatment samples, and control and enzyme-containing samples were incubated at 37 1C for the indicated time intervals, after which all samples were precipitated with acetone for western blot analysis. Catalytic activity of rhFurin was verified by incubation with the fluorogenic furin substrate peptide Boc-RVRR-AMC (Alexis Biochemicals, Farmingdale, NY, USA; Cat. # ALX-260-040). Fluorescence of the substrate peptide in buffer-exchanged CM either with or without rhFurin (1 U/ml) was measured at indicated time points and normalized to the baseline fluorescence of the substrate in furin hydrolysis buffer alone.
Angiogenesis assays
The modified Boyden chamber and scratch wound endothelial migration assays were performed as described. 23 In the matrigel assay, HDMECs and HUVECs were serum-starved overnight, then seeded into 24-well plates at a density of 50 000 cells/ well in complete endothelial medium containing 1 Â control or Vstatcontaining CM. Wells were precoated with 250 ml of Matrigel and cells were plated in triplicate for each condition. Vascular structure formation was quantified 24 h later with three views per well at Â 10 magnification.
The quantitative directed in vivo angiogenesis assay was performed as recommended (Trevigen, Gaithersburg, MD, USA; Catalog # 3450-048-K). Briefly, basement membrane extract was thawed and prepared with vascular endothelial growth factor (0.5 ng/ml), basic fibroblast growth factor (1.5 ng/ml) and heparin (100 ng/ml). The extract was then divided and mixed with 60 Â concentrated CM (final concentration of 6 Â ). Provided 'angioreactor' tubes were filled with 20 ml of CM/extract mix, inverted and incubated at 37 1C for an hour to promote solidification of the gel and thereafter subcutaneously implanted in anesthetized 9-week-old female nude mice (Harlan, Prattville, AL, USA). After 12 days the tubes were excised, photographed, the gel suspensions removed and incubated in 10% fetal bovine serum-containing culture medium for 1 h at 37 1C to promote recovery of cell surface molecules including EC glycoproteins recognized by FITC-labeled Griffonia simplicifolia isolectin B4. Cells were incubated overnight at 4 1C with prepared FITC-lectin solution, washed and fluorescence was quantified using a fluorometer (485 nm excitation, 538 nm emission).
